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Abstract: An allosteric modulator is a ligand that binds to an allosteric site on the receptor 
and changes receptor conformation to produce increase (positive cooperativity) or decrease 
(negative cooperativity) in the binding or action of an orthosteric agonist (e.g., acetylcholine). 
Since the identification of gallamine as the first allosteric modulator of muscarinic 
receptors in 1976, this unique mode of receptor modulation has been intensively studied by 
many groups. This review summarizes over 30 years of research on the molecular 
mechanisms of allosteric interactions of drugs with the receptor and for new allosteric 
modulators of muscarinic receptors with potential therapeutic use. Identification of positive 
modulators of acetylcholine binding and function that enhance neurotransmission and the 
discovery of highly selective allosteric modulators are mile-stones on the way to novel 
therapeutic agents for the treatment of schizophrenia, Alzheimer's disease and other 
disorders involving impaired cognitive function. 

Keywords: muscarinic acetylcholine receptors; allosteric modulation; Alzheimer's 
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1. Introduction 

Acetylcholine was postulated as a possible neurotransmitter by Henry Hallett Dale in 1914 [1] and 
confirmed as such by Otto Loewi in 1921 [2]. Acetylcholine is a neurotransmitter in both the peripheral 
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nervous system and central nervous system (CNS) in humans and many organisms, including 
invertebrates. Acetylcholine acts through two classes of receptors - muscarinic and nicotinic 
acetylcholine receptors. While, muscarinic acetylcholine receptors are metabotropic receptors, nicotinic 
receptors are ligand-gated cationic channels. Muscarinic receptors are members of the G-protein- 
coupled receptor (GPCR) family A. To date, five distinct subtypes of muscarinic acetylcholine receptors 
(M1-M5) have been cloned and sequenced [3]. Mi, M 3 and M 5 subtypes preferentially activate 
phospho lipase C and calcium mobilization through G q /n whereas M 2 and M4 receptors inhibit the 
activity of adenyl cyclase or modulate conductance of ion channels through the Gy 0 family of G-proteins 
[4]. Cholinergic signaling plays a critical role in a wide variety of CNS and peripheral functions 
including learning, memory and attention mechanisms, motor control, nociception, regulation of sleep- 
wake cycles, cardiovascular function, renal and gastrointestinal functions, and many others. A wide 
variety of CNS disorders including Alzheimer's disease, Parkinson's disease, schizophrenia, epilepsy, 
sleep disorders, neuropathic pain, and others involve malfunction of cholinergic transmission. 
Evidence suggests that cholinergic neurotransmission in the forebrain regions and cholinergic 
involvement in learning and memory are mediated primarily by muscarinic receptors [5]. This implies 
that agents that selectively modulate the activity of specific subtypes of these receptors may have 
therapeutic potential in abovementioned pathological states [6,7]. 

2. Role of Muscarinic Receptors in Psychiatric and Neurological Disorders 

The most important role of muscarinic receptor-mediated cholinergic neurotransmission in the CNS 
relates to cognitive function. Disruptions of the cholinergic system in rodents revealed an important 
function in short and long-term memory processing [8,9]. Clinical studies with muscarinic receptor 
agonists demonstrated the potential of this class of compounds to reverse cognitive deficits associated 
with disrupted cholinergic neurotransmission. For instance, in Alzheimer's clinical studies, the 
inhibitor of acetylcholinesterase physostigmine and the muscarinic receptor agonist arecoline have 
been shown to improve cognition [10]. Several lines of evidence indicate that the most prominent 
adverse effects of acetylcholinesterase inhibitors and non-selective muscarinic agonists are mediated 
by activation of peripheral M 2 and M 3 receptors. They include bradycardia, gastrointestinal distress, 
excessive salivation, and sweating [11,12]. In contrast, selective distribution of Mi receptors in the 
forebrain and the deleterious effects of Mi antagonists on memory and learning indicate a primary role 
of this subtype of muscarinic receptors in cognition, attention mechanisms, and sensory processing [7]. 
Mi muscarinic receptor agonists promote non-amyloidogenic processing of the amyloid precursor 
protein (APP) (cleavage by a-secretase in the middle of the A[3 sequence) that prevents formation of 
noxious amounts of A[3 fragments [13,14]. This shift in APP processing is mediated by ERK1/2 and 
PKC activation [13]. Involvement of muscarinic receptors in decelerating progression of the disease is 
supported by demonstration of accelerated amyloid pathology in Parkinson's disease patients treated 
with muscarinic receptor antagonists [15]. Similarly, the decline in strength of muscarinic signal 
transduction in the cerebral cortex that develops along with accumulation of soluble [3-amyloid and 
markedly precedes behavioral impairments and amyloid pathology has been demonstrated in a 
transgenic mouse model of Alzheimer's disease [16,17]. 
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Another psychiatric condition that involves cholinergic transmission is schizophrenia. 
Schizophrenia is a diagnosis that covers a set of disorders of different etiologies with the same 
symptoms. This disorder can be divided based on characteristics of negative symptoms to deficit and 
non-deficit ones or according to DSM-IV (The Diagnostic and Statistical Manual of Mental Disorders) 
to paranoid, disorganized, catatonic, undifferentiated, and residual types. One of the hypotheses for the 
etiology of schizophrenia based on involvement of muscarinic receptors surfaced from clinical 
observations that anticholinergic agents, such as scopolamine, were shown to induce a psychotic state 
similar to schizophrenia and exacerbate symptoms in schizophrenic patients. Moreover, clinical trials 
provided evidence that muscarinic agonists were moderately effective as neuroleptic agents [18,19]. In 
neuropathological studies it has been shown that levels of both Mi and M 4 receptors are reduced in the 
prefrontal cortex, hippocampus, caudate and putamen in postmortem samples from schizophrenic 
patients [20-24]. Knock-out studies have been employed to further link muscarinic receptors to the 
pathology of schizophrenia [11,25]. From studies in knockout mice, the Mi receptor subtype has been 
viewed as the most likely candidate for mediating effects on cognition, attention mechanisms, and 
sensory processing. The M4 receptor is localized in dopamine-rich brain regions (the mesolimbic 
dopaminergic pathway), and regulates dopamine levels in this region [26]. 

3. Therapeutic Potential of Muscarinic Allosteric Modulators 

An allosteric modulator is a ligand that binds to an allosteric (secondary) site on the receptor and 
changes receptor conformation to produce increase (positive cooperativity) or decrease (negative 
cooperativity) in the binding or action of an orthosteric agonist (e.g., acetylcholine). As opposed to 
classical agonists, positive allosteric modulators of natural neurotransmitters have the following 
advantages: (1) they mimic neurotransmission under physiological conditions — they preserve time 
and space pattern of the signal; (2) greater subtype selectivity can be obtained as positive or negative 
modulation of a given receptor subtype combined with neutral cooperativity (no change in binding or 
action of classical agonist upon binding of the allosteric modulator) at other subtypes; (3) the 
magnitude of the effects of an allosteric modulator on action of a natural neurotransmitter is limited by 
the magnitude of allosteric interaction [27]. The effects of an allosteric modulator reach a maximum 
that is not exceeded by increasing the dose; (4) positive modulation at one subtype may be combined 
with negative modulation at another. For example, common cholinergic synapses in the forebrain 
contain Mi postsynaptic receptors and M 2 presynaptic receptors that mediate feedback inhibition of 
acetylcholine release. Positive allosteric modulation of postsynaptic Mi receptors and negative 
modulation of presynaptic M 2 receptors by a given allosteric modulator would have desired synergistic 
effects in enhancing cholinergic neurotransmission; (5) allosteric binding sites have not faced the same 
evolutionary pressure as orthosteric sites to accommodate an endogenous neurotransmitter and thus 
may show greater divergence among subtypes. This endows allosteric modulators with higher 
selectivity among receptor subtypes. 

4. First Allosteric Modulators of Muscarinic Receptors 

In the pioneering work by Clark and Mitchelson, gallamine (1; Figure 1) was found to inhibit the 
action of acetylcholine and carbachol on the heart atrium in functional experiments [28]. The 
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concentration-response curves were shifted to the right by gallamine but the magnitude of the 
progressive shifts diminished with increasing concentrations of gallamine. When the action of 
acetylcholine on the heart was evaluated in the combined presence of gallamine and the antagonist 
atropine, the concentration ratio was less than that expected from experiments with gallamine or atropine 
alone. These observations led to the conclusion that the action of gallamine is allosteric. The allosteric 
nature of the gallamine action was then confirmed in binding studies [29] where it slowed down 
dissociation of the radiolabeled orthosteric antagonist Af-methylscoplamine (NMS). Paradoxically, 
gallamine is a neuromuscular blocker. By definition, neuromuscular blockers are nicotinic acetylcholine 
receptor antagonists, but many of them ([e.g., gallamine (1), pancuronium (2) and alcuronium (3); Figure 
1] have high affinities for the M 2 receptor and act allosterically at that receptor [30,31]. Advances in 
radioligand binding techniques and the availability of muscarinic radioligands with high specific to 
non-specific binding ratio such as Af-methylscopolamine (NMS) and quinuclidinyl benzilate (QNB) led 
to identification of many allosteric modulators. These included blockers of acetylcholinesterase, 
another acetylcholine binding protein, and channel blockers, for example, the L-calcium blocker 
verapamil (4) [32], the potassium channel inhibitor 4-aminopyridine (5) [33] and the acetyl- 
cholinesterase inhibitors obidoxime (6) and its bisquaternary pyridinium analogues [34] and tacrine (7) 
[35] (Figure 1). 

Figure 1. Structures of prototypical allosteric modulators of muscarinic receptors. 
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5. Nature of Allosteric Modulators 

As can be seen allosteric modulators of muscarinic receptors vary in chemical nature and 
physiological properties. Both steroidal (pancuronium [31], rapacuronium [36]) and non-steroidal 
neuromuscular blockers [31] have been shown to allosterically modulate binding and function of 
muscarinic receptors. Besides various channel blockers and ligands of acetylcholine binding proteins, 
additional identified allosteric modulators of muscarinic receptors include peptides like dynorphin [37], 
relatively large (m.w. > 700 Da) molecules like toxiferous alkaloids [38] and small molecules like 
strychnos and vinca alkaloids [39] (Figure 2), antibiotics like staurosporine [40], endogenous 
metabolites like thiochrome [41] etc. Thus, the nature of muscarinic allosteric modulators is very 
diverse and finding a common simple feature is very hard, as exceptions exist for every single feature. 
All known muscarinic allosteric modulators contain two or more nitrogen atoms. While in the majority 
of modulators two of these nitrogen atoms are 400 to 500 pm apart, there are exceptions like gallamine 
(1, Figure 1) where in its energetically favorable conformation in water the distance between the 
nitrogen atoms is about 800 pm, or like pancuronium and rapacuronium, where the distance between 
the nitrogen atoms is more than 1,100 pm. While most of muscarinic allosteric modulators contain one 
or more atoms of oxygen, tacrine (7, Figure 1) does not contain any. Several modulators are symmetrical 
molecules [alcuronium (2) and obidoxime (6) (Figure 1), toxiferine I (8) and caracurine V (9) (Figure 2), 
W-84 (14) and Duo-3 (15) (Figure 3)]. Their "halves" retain allosteric properties and selectivity, albeit 
with lower affinity. 



Figure 2. Structures of toxiferous, strychnos and vinca alkaloids. 
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Detailed SAR and 3D QSAR analysis showed that spatial orientation of aromatic indole rings of the 
caracurine V gives better spatial orientation for binding to M 2 receptors than tetrahydrooxepine rings 
of toxiferine that leads to 10-fold higher binding affinity [42]. The wide range of binding affinities of 
bis-quaternary analogues of caracurine V (9; Figure 2) could be explained by steric and electrostatic 
properties of A^-substituents. Namely, non-polar dimethyl, diallyl and dipropargyl Af-substituents in 
caracurine V increased binding affinity to NMS-occupied M 2 receptor up to 100-fold [42]. Taken 
together, binding affinity of allosteric modulators is given by a wide-range of features that require 
good 3D models to comprehend. To complicate the situation even more not all allosteric modulators 
bind to the same binding site (see below) [40] and thus SAR differ among pharmacophores. 

Figure 3. Structures of symmetric allosteric modulators of muscarinic receptors. 
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6. Binding Site of Allosteric Modulators at Muscarinic Receptors 

Charged cell-impermeable allosteric modulators work well on whole cells and tissues. Therefore, 
the extracellular parts of muscarinic receptors became prime focus in the search for binding sites of 
allosteric modulators. Another evidence for binding of allosteric modulators to the extracellular 
domains of muscarinic receptors is the observation that even supra-saturating concentrations (that do 
not bring further change in affinity) of alcuronium slow down both association and dissociation of 
orthosteric antagonist NMS in a concentration-dependent manner [43], suggesting that binding of 
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alcuronium induces steric hindrance of the access of NMS to the orthosteric binding site. Among the 
five muscarinic receptor subtypes, the M 2 subtype has the highest affinity for the prototypical allosteric 
modulators gallamine and alcuronium (Figure 1), whereas affinities of the M 3 subtypes for these 
modulators are low [44,45]. Replacing potentially important residues in the extracellular domain 
unique for M 2 receptors revealed importance of negatively charged amino acids in the EDGE motif [46] 
and adjacent amino acids (Vall68, TyrlW, M 2 sequence) [47] of the second extracellular (o2) loop of 
M 2 receptor for high affinity binding of gallamine. These amino acids were shown to be important also 
for the structurally different allosteric modulators alcuronium [47] and W-84 (Figure 3) [48]. Because 
gallamine binds to all five muscarinic subtypes 21 conserved residues in the extracellular domain of 
Mi receptor were mutated to alanine to identify the gallamine binding site. Mutations of tryptophan 
400 at the o3 loop and tryptophan 101 at the junction of the third transmembrane domain (TM3) and 
the o2 loop to alanine inhibited gallamine binding, respectively [49]. The role of the o3 loop in 
determining the affinity and binding cooperativity of gallamine, alcuronium [47] and strychnine-like 
compounds [50] has been reported. Also the requirement of epitopes at the junction of o3 and TM7 and 
o2 and TM4 and TM5 was demonstrated for high-affinity binding of alkane-bisammonium (Figure 3) 
and caracurine V (9; Figure 2) type allosteric ligands to M 2 receptors [51]. Furthermore, a cluster of 
tryptophans and threonine residues at the top of TM7 were shown to play a critical role in affinity and 
subtype selectivity of alkane-bisammonio compounds W84 (14) and naphmethonium (16) (Figure 3) 
and gallamine (1; Figure 1) but not diallylcaracurine V (9; Figure 2) [52]. Docking simulations of 
these compounds to a homology model of the M 2 receptor showed that aromatic moieties of alkane- 
bisammonio compounds might be fixed in a sandwich like manner by n-n interactions between 
tryptophan at the top of TM7 and tyrosine in the middle of the o2 loop [52]. Taken together, these 
allosteric modulators bind to a relatively large domain between the o2 and o3 loops and their binding 
site also involves amino acids at junctions of these loops and TM domains (Figure 4). 

In addition to this well-studied "common" allosteric binding site, a second site was revealed 
pharmacologically [40,54]. Staurosporine (18) and its analogues KT5720 (19) and KT5823 (20) 
(Figure 5) displayed allosteric interaction with the orthosteric ligands NMS and acetylcholine and 
interacted with the prototypical allosteric modulators gallamine (1; Figure 1) or brucine (11; Figure 
2) in a non-competitive manner [40]. Similarly, the neurokinin receptor antagonists WIN 62,577 (21) 
and WIN 51,708 (22) (Figure 5) bind in micromolar concentrations to muscarinic receptors 
competing with saturosporine and KT5720 and interacting with gallamine and strychnine in a non- 
competitive manner [54]. Interestingly, while prototypical muscarinic allosteric modulators strongly 
decelerate [ 3 H]NMS dissociation [43-45] the WIN compounds had little or no effect on [ 3 H]NMS 
dissociation and their analogue PG987 (23; Figure 5) even accelerated it. Further studies confirmed 
allosteric interaction between WIN compounds and alcuronium or brucine on receptors in the 
absence of orthosteric ligands [55]. However, the location of this second allosteric binding site has 
not been identified yet. To make things even more complicated, work with the allosteric radioligand 
[ H]dimethyl-W84 showed that a "common" allosteric site (located between o2 and o3 loops) can 
accommodate two molecules of allosteric modulator(s) [e.g. two molecules of tacrine (7; Figure 1) or 
one molecule of tacrine and one molecule of hexamethonium (17) (Figure 3)] and that the "atypical" 
allosteric modulator Duo3 (15; Figure 3) may interact not only with the receptor "common" allosteric 
site, but also interacts in different binding modes [53]. Therefore it is more appropriate to consider the 
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allosteric binding site as a domain with which allosteric modulators interact in various ways and with 
various subsets of amino acids in this domain. 

Figure 4. Location of orthosteric and allosteric binding sites on a homology model of M2 
muscarinic receptor. Orientation, Extracellular, top; (a) TM5, front; (b) TM7, front. 
Structure, a-helices, red; 3.10 helices, purple; coil, white; turn, cyan; disulfide bridge, 
yellow; orthosteric site, blue; allosteric site, green. Ligands, orthosteric site, NMS; 
allosteric site, strychnine. 




Figure 5. Structures of "atypical" allosteric modulators of muscarinic receptors. 
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Figure 5. Cont. 




PG987, 23 

Determination of the location of the allosteric binding site was mostly done by indirect 
measurements via allosteric interaction between allosteric modulators and radiolabeled orthosteric 
antagonists. Location of and especially analysis of interactions at the allosteric binding site could be 
facilitated by a radiolabeled allosteric modulator that would allow for more direct screening of the 
putative binding site via simple competition binding assays. However, the only existing radiolabeled 
muscarinic allosteric modulator with sufficient affinity found is [ H]dimethyl-W84 (24; Figure 6) [56]. 
Other candidates for radiolabeling, a-truxillic acid esters (25; Figure 6) [57], exert unacceptable non- 
specific binding. 

Figure 6. Structures of radiolabeled allosteric modulators of muscarinic receptors. 
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7. Mechanisms of Conformational Changes Induced by Allosteric Modulators 

Although the relationship between structure and binding affinity is known at least for some groups 
of allosteric modulators [42,58,59] virtually nothing is known about the mechanisms of the 
conformational changes that allosteric modulators induce. This could be explained by two main 
reasons. First, there are only few papers primarily analyzing conformational changes induced by 
allosteric modulators. Second, allosteric interactions are very complex and depend on specific 
combinations of receptor, orthosteric ligand and allosteric modulator, where mere change of one of 
these may lead to a completely different sort of cooperativity. For example, while acetylcholine has 
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negative binding cooperativity with strychnine at M3 receptors, it has slightly positive binding 
cooperativity with strychnine's dimethoxy analogue brucine (11; Figure 2) [39] that can be strongly 
enhanced by simple chloration at the methyl group [60]. In contrast, while iV-substituents at the 
caracurine V (9; Figure 2) pharmacophore dramatically changed affinity, the binding cooperativity of 
these allosteric modulators remained mainly unchanged [42]. 

On the contribution of structure of orthosteric ligands to cooperativity it has been shown that 
cooperativity with alcuronium on M 2 receptors is dependent on the distance between the nitrogen and 
carboxyl C atoms. Othosteric antagonists with N to carboxyl C distances over 500 pm (NMS, 
4-diphenylacetoxy-Af-dimethylpiperidium, and Af-methylpiperidyl benzylate) displayed positive, while 
orthosteric ligands with N to carboxyl C distances less than 500 pm (/V-methylquinuclidinyl benzilate, 
quinuclidinyl benzylate, and acetylcholine) displayed negative binding cooperativity with alcuronium 
(3; Figure 1) [61]. According to docking of orthosteric ligands to homology models of the M 2 receptor 
and knowledge from mutagenesis studies, the nitrogen group of orthosteric ligands interacts with 
aspartic acid in the TM3 domain and the carboxyl group of orthosteric ligands interacts with residues 
in the TM6 domain [62]. Thus data suggest that allosteric modulators change orientation of the TM3 
and TM6 domains. Probably alcuronium moves them apart so that the orthosteric binding site becomes 
larger and therefore more favorable for ligands with longer distance between the N and carboxyl C 
atoms but less favorable for ligands with shorter distance between the N and carboxyl C atoms. The 
idea of helical bundle rearrangement is further supported by findings that disruption of a conserved 
disulfide bond between the top of the TM3 domain and middle of the o2 loop attenuates cooperativity 
between allosteric modulators and orthosteric ligands [63,64]. Disruption of this disulfide bond makes 
the o2 loop more flexible and thus weakens transfer of the conformational changes to the helical bundle. 

The contribution of receptor structure to the nature of binding cooperativity is also complicated. 
Unlike for affinity, not a single key amino acid can be pin-pointed to determine the type and strength 
of cooperativity. Rather, multiple receptor domains and amino acids scattered within a receptor 
domain are responsible for the type and strength of cooperativity. Mutation of amino acids in the o3 
loop of the M 3 receptor (on which NMS and alcuronium exert negative cooperativity) to corresponding 
residues of the M 2 sequence (on which NMS and alcuronium exert positive cooperativity) led to 
gradual change from negative to positive cooperativity between NMS and alcuronium [47]. If the type 
and degree of binding cooperativity is given by TM3 and TM6 rearrangement and if alcuronium binds 
between the o2 and o3 loops then these data suggest that mutations in the o3 loop (connecting the TM6 
and TM7 domains) lead to rearrangement of the TM6 domain in respect to the rest of the receptor. 
This is in accordance with the notion that M 2 receptors have lower affinity for NMS than M3 receptors 
and mutations in the o3 loop gradually decreased affinity for NMS [47]. Interestingly, at the same 
chimera (M3 receptor with the o3 loop mutated to M 2 sequence) NMS had positive cooperativity with 
Wieland-Gumlich's aldehyde (WGA) although both wild types display negative cooperativity [50]. 
These data indicate that the binding cooperativity at muscarinic receptors is not dictated only by 
rearrangement of TM3 and TM6 but also other factors come into play. There may be interplay between 
the o2 and o3 loops as supported by a shift in binding cooperativities between strychnine-like 
modulators (Figure 2) and NMS to more positive values also by mutations in the o2 loop [50]. 
Alternatively, mutations in the o3 loop may lead to changes in the WGA binding mode that leads to 
conformational changes not observed in any of the wild types. 
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8. Endogenous Allosteric Modulators of Muscarinic Receptors 

As can be seen from the above discussion the domain on the muscarinic receptors that can bind 
allosteric modulators is relatively large and the chemical nature of allosteric modulators is 
multifarious. Thus the odds for the existence of endogenous allosteric modulator(s) are high. Actually, 
it has been shown in several laboratories that the supernatant fraction prepared from animal tissues 
contains an endogenous inhibitory factor (EIF) that allosterically decreases binding of both antagonists 
and agonists. An acidic, moderately heat-stable, low molecular weight, probably of peptide nature EIF 
was prepared from calf hearts [65], rat thymocytes [66], rat heart [67], human brain [68] and guinea- 
pig illeum [69]. Although EIF was partially purified and its properties characterized [69] it has never 
been identified. Interestingly, studies on muscarinic receptors that do not deal with purification and 
identification of endogenous allosteric modulator of muscarinic receptors offer several alternative 
candidates for endogenous allosteric modulators of muscarinic receptors. These are eosinophil major 
basic protein [70], dynorphin and myelin basic protein [37], arachidonic acid [71] or thiochrome 
(Figure 7), a metabolite of thiamine [41]. However, these compounds do not have physiochemical 
properties of the abovementioned EIF. Importantly, this EIF has been shown to take a part in the 
development of Alzheimer's disease [72] where in complex with other proteins and small non-protein 
molecules represents a risk factor catalysing oxidative stress in Alzheimer's brains [73]. Thus, an 
additional potential advantage of positive allosteric modulators of acetylcholine action would be 
competing with EIF at muscarinic receptors and canceling its undesirable effects. 



9. First Positive Allosteric Modulators of Acetylcholine 

The Holy Grail in treatment of impaired neurotransmission is to preserve its time and space pattern. 
Selective allosteric potentiators of acetylcholine at muscarinic receptors would serve this role in 
cognitive deficits and other aspects connected with cholinergic transmission in Alzheimer's and 
schizophrenia. In theory, potentiation of neurotransmitter action can be achieved by increasing affinity 
of the receptor for the neurotransmitter or by increasing efficiency of coupling of the receptor to G- 
protein upon activation by the neurotransmitter. Allosteric modulators with positive cooperativity with 
acetylcholine binding and/or function at one subtype (Mi in Alzheiner's and M4 in schizophrenia) and 
neutral cooperativity at other subtypes would potentiate acetylcholine action only at these subtypes. 
Most importantly, this takes place only when and where acetylcholine is released, in a fashion that 
preserves the time and space pattern of acetylcholine action. Early proof-of-concept studies by several 
laboratories were successful in identifying positive allosteric modulators of acetylcholine binding at 



Figure 7. Structure of thiochrome. 
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Mi, M 3 and M 4 receptors. Brucine (11; Figure 2) displayed weak positive cooperativity in binding with 
acetylcholine at the Mi and M 3 receptors [39]. Interestingly, brucine analogues A^-chloromethyl 
brucine and bracine-Af-oxide displayed positive cooperativity with acetylcholine binding at M 3 
receptors but neutral to negative cooperativity at Mi receptors [60]. Structurally different from brucine 
the sterol based compound WIN 62,577 (22; Figure 5) increased affinity of acetylcholine at M 3 
receptors almost 2-fold [54]. Its analogues displayed different types of cooperativity and both higher 
and lower potency rendering determination of structure-activity relationship unfeasible. Thiochrome (26; 
Figure 7) is an oxidation product and metabolite of thiamine that binds to all five muscarinic receptor 
subtypes with micromolar affinity. Interestingly, it displayed positive cooperativity with acetylcholine 
exclusively at M 4 receptor [41]. Its cooperativity with acetylcholine at other muscarinic subtypes was 
neutral thus its effects on acetylcholine binding and action can be considered absolutely selective. 
However, these compounds lacked efficacy and physiochemical properties in in vivo studies. 

10. Truly Selective Positive Allosteric Modulators of Acetylcholine 

A major breakthrough in the research for muscarinic allosteric modulators was the discovery of 
benzylquinoline carboxylic acid (BQCA, 27; Figure 8), the positive allosteric modulator of 
acetylcholine binding and action at Mi receptors that positively regulates non-amyloidogenic APP 
processing in vitro [74,75]. Besides the expected procognitive effects BQCA also increased blood flow 
to cerebral cortex that is beneficial in neurodegenerative diseases like Alzheimer's disease. These 
findings support the hypothesis that it will be possible to develop highly selective allosteric 
potentiators with procognitive effects. Recently, multiple novel Mi selective positive allosteric 
modulators have been identified in a high- throughput functional-screening [76]. These compounds 
belong to several structurally diverse pharmacophores. None of them had agonistic activity and 
behaved as pure allosteric modulator of acetylcholine function in the following manner: (1) increased 
acetylcholine potency without change in efficacy; (2) did not compete with acetylcholine binding. The 
most selective compounds were VU0090157 (28) and VU0029767 (29) (Figure 8). 



Figure 8. Structure of Mi selective allosteric modulators, 
o o o— v 
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BQCA, 27 VU0090157, 28 VU0029767, 29 



At Mi receptors both compounds increased binding affinity for acetylcholine and potentiated 
activation of PLC. Interestingly, VU0090157 also potentiated activation of PLD but VU0029767 did 
not, demonstrating signal trafficking and activation bias by structurally heterologous compounds. This 
screening also yielded the first highly M 5 selective ligand VU0238429 that is an allosteric potentiator 
of acetylcholine action at this receptor [77]. 
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An important point in search for an M4 selective positive allosteric modulator of acetylcholine 
function was the identification of the pharmacophore VU0010010 (30; Figure 9) [78]. This compound 
increased affinity for acetylcholine at M 4 receptors and increased efficiency of coupling of M4 with G- 
proteins in vitro but did not activate the receptors in the absence of agonist. In vivo, VU0010010 
facilitated M 4 -mediated autoinhibition of acetylcholine release in the hippocampus but had no effect 
on responses mediated by Mi or M 2 receptors. Compounds VUO 152099 (31) and VU0152100 (32; 
Figure 9) that are based on the VU0010010 phamacophore retain M4 selectivity and on top of it readily 
cross the blood-brain barrier and have improved pharmacokinetic properties over the parent compound 
[79]. At the same time, the M 4 -selectivivity of a structurally different allosteric potentiator of 
acetylcholine function, LY2033298 (33; Figure 9), was reported [80]. This compound potentiated 
acetylcholine-induced GTPyS binding and FLIPR signal in vitro only at M 4 receptors. In rats it 
reduced the conditioned avoidance response, another paradigm predictive of antipsychotic drug 
efficacy. In mutant M 4 receptors insensitive to activation by acetylcholine but increased sensitivity to 
activation by clozapine-like compounds, LY2033298 caused functional rescue of acetylcholine 
potency and efficacy demonstrating the multitude of ways to activate the receptor [81]. Importantly, 
unlike other allosteric modulators (see part 7), amino acids governing binding cooperativity between 
LY2033298 and acetylcholine were recently identified at the junction of TM2 and ol loop [82]. 



Figure 9. Structure of M 4 -selective allosteric modulators. 
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11. Caveats about Allosteric Modulators 

The major caveat of allosteric modulation of neurotransmitter action is that it is not always in 
concert with neurotransmitter binding. Our current study shows that although the allosteric modulator 
rapacuronium strongly decreases the overall affinity of M3 receptors muscarinic acetylcholine 
receptors for acetylcholine it accelerates its rate of binding. The latter leads to facilitation of its action 
in vitro [83]. This explains the severe rapacuronium-induced brochospasm observed in vivo [84]. The 
time between acetylcholine release and termination of its action by acetylcholinesterase is in the range 
of a fraction of a second. Therefore, the effects of allosteric modulators in the early non-equilibrium 
stage of receptor signaling are therapeutically more important than effects on acetylcholine equilibrium 



Pharmaceuticals 2010, 3 



2851 



binding, as the latter conditions do not occur in vivo. Therefore it is necessary to employ fast 
functional assays in screening for potential allosteric modulators of neurotransmission that much better 
simulate physiological conditions than long-lasting equilibrium binding experiments. 

Also, the prototypic allosteric modulators of muscarinic receptors alcuronium, gallamine, and 
strychnine weakly stimulated production of inositol phosphates in CHO cells expressing the Mi or the 
M 3 receptors and inhibited synthesis of cAMP in CHO cells expressing the M 2 or the M 4 receptors in 
the absence of receptor agonists [85] although they display negative cooperativity with acetylcholine. 
This study implies that: (1) an allosteric modulator by itself may possess concomitant agonistic 
properties; (2) conformations with low affinity for the neurotransmitter may represent an additional 
active state of the receptor so that there are multiple active conformations and multiple ways to 
activate the receptor. Thus, our understanding of the mode of receptor activation becomes more 
complex and makes the search for allosteric modulators more difficult. Specifically, it is essential to 
control for concomitant agonistic activity of potential allosteric modulators in functional screening. 

The possibility to activate muscarinic receptors from the allosteric binding domain in combination 
with the subtype diversity of this domain allowed for discovery of highly selective muscarinic agonists, 
for example the Mi/M 4 -preferring agonist iV-desmethylclozapine (NDMC, 34; Figure 10) [86], the Mi- 
selective full agonist AC-42 (35; Figure 10) [87] and its analogue AC-260584 (36; Figure 10) that 
display increased pro-cognitive action and oral bioavailability [88]. The allosteric mode of action of 
these compounds was proven by mutations that render the Mi receptor insensitive to activation by 
acetylcholine but do not alter the activity of AC-42 or NDMC. On the other hand, the activity of AC- 
42 and NDMC can be eliminated by mutations in the TM1 and TM7 domains that do not alter receptor 
activation by acetylcholine [89,90]. Strictly speaking, however, these compounds should be termed 
ectopic agonists as they bind "on top" of the orthosteric binding site but not to the classic allosteric 
binding site. Interestingly, unlike orthosteric agonists, prolonged exposure of CHO cells to AC-42 did 
not alter either cell-surface or total cellular Mi receptor expression [91]. Theoretically, preventing 
receptor desensitization and down-regulation could be another advantage of putative positive allosteric 
modulators of acetylcholine action. 



Figure 10. Structures of muscarinic ectopic agonists. 
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12. Conclusions 



Since the discovery of gallamine as the first allosteric modulator of muscarinic receptors 30 years 
ago our understanding of binding, action and structure-activity relationship of muscarinic allosteric 
modulators has undergone huge progress. Despite of this increased knowledge, high-throughput 
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functional screening still remains a better approach in the search for positive allosteric modulators of 
acetylcholine action than knowledge-based design. Recent discoveries of selective positive allosteric 
modulators of acetylcholine with therapeutic potential in the treatment of psychiatric and neurologic 
disorders like Alzheimer's or schizophrenia are encouraging. These compounds represent a new and 
better way to treat these debilitating disorders and a new hope for suffering ones and their families. 
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Notes (List of compounds and their chemical names) 

Gallamine (1): 2-[2,6-bis(2-diethylaminoethyloxy)phenoxy]-A',A^-diethylethanamine. 
Pancuronium (2): [(2S,3S,5S, 8R,9S, 1 05, 1 35, 1 45, 1 65, 1 7 J R)-3-acetyloxy- 1 0, 1 3-dimethyl-2, 1 6-bis( 1 - 
methylpiperidin-l-ium-l-yl)-2,3,4,5,6,7,8,9,ll,12,14,15,16,17-tetradecahydro-l//-cyclopenta[a]phen- 
anthren-17-yl] acetate. 

Alcuronium (3): 2-[14,30-diallyl-36-[2-hydroxy-(£')-ethylidene]-14,30-diazonia-8,24-diazaundeca- 

cyclo425 .5 .2.2 1 1>M 1 1 10 ' 2 ^ 0 1 '" 0^ 

octaen-28-yliden]-l-ethanol. 

Verapamil (4) : 2-(3 ,4-dimethoxyphenyl)-5 -[2-(3 , 4-dimethoxyphenyl)ethylmethylamino] -2-propan-2- 
ylpentanenitrile. 

4-aminopyridine (5); pyridin-4-amine. 

Obidoxime (6) : oxo- [ [ 1 - [ [4-(oxoazaniumylmethylidene)pyridin- 1 -yl]methoxymethyl]pyridin-4-ylide- 
ne]methyl]azanium. 

Tacrine (7): l,2,3,4-tetrahydroacridin-9-amine. 

Toxiferine I (8): 2-[37-[2-hydroxy-(E)-ethylidene]-14,30-dimethyl-8,14,24,30-tetraazaundecacyclo- 

[25.5.2.2 11>M l^l^V'lO 13 ' 17 ^ 24 ' 2 ^^ 
yliden]-l-ethanol. 

Caracurine V (9): 2-[(lR,9R,16S,18R,19R,20S,21R,29Z,31S,32E,37S,41S)- 10-oxa-8,15,28,34-tetra- 

azadodecacyclo^.S^^ 15 ^! 1 ^ 2 ' 7 ^' 1 ^ 13 ' 1 ^^^ 

24,26,29-octaen-32-ylidene]ethan-l-ol; ethanol, 2-[(3aR,9Z,9bS,10S,l laS,14aR,19aR,23aR,23bR, 
23cS,24aS)-2,3,ll,lla,13,14,21,23a,23b,23c,24,24a-dodecahydro-10,12-ethano-l,23-methano-9bH, 
1 OH, 1 9aH-indolo[ 1 ',2',3 ': 1 , 1 0]oxepino[2',3',4':6,7]pyrr. 

Strychnine (10): (lR,HS,18S,20R,21R,22S)-12-oxa-8,17-diazaheptacyclo-[15.5.2.0 1 ' 18 .0 2 ' 7 .0 8 ' 22 .0 11,21 . 
0 15 ' 20 ]tetracosa- 2,4,6, 14-tetraen-9-one. 

Brucine (11): (lR,HS,18S,20R,21R,22S)-4,5-dimethoxy-12-oxa-8,17- diazaheptacyclo-[15.5.2.0 U8 . 
0 2 ' 7 .0 8,22 .0 11 ' 21 .0 15 ' 20 ]tetracosa- 2,4,6, 14-tetraen-9-one 

Vincamine (12): methyl (15S,17S,19S)-15-ethyl-17-hydroxy-l,ll- diazapentacyclo-[9.6.2.0 2 ' 7 .0 8 ' 18 . 
0 15 ' 19 ]nonadeca- 2,4,6,8(1 8)-tetraene-17-carboxylate 

Eburnamonine (13): (15S,19S)-15-ethyl-l,ll- diazapentacyclo[9.6.2.0 2 ' 7 .0 818 .0 15 ' 19 ]nonadeca- 
2,4,6,8(18)-tetraen-17-one. 
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W-84 (14): 3-(13-dioxoisoindol-2-yl)propyl-[6-[3-(13-dioxoisoindol-2-yl)propyl-dimethylazanium- 
y 1] hexy 1] -dimethy lazanium. 

Duo3 (15): 1,1 '-propane- 1 ,3-diylbis {4-[(E)- { [(2,6-dichlorobenzyl)oxy]imino} methyl]- 1 -ethylpyridi-um. 
Naphmethonium (16): 3-[3-({5-[(3-{2,4-dioxo-3- azatricyclo[7.3.1.05,13]trideca- 1(12),5,7,9(13),10- 
pentaen-3-yl} -2,2- dimethylpropyl)dimethylamino]pentyl} dimethylamino)- 2,2-dimethylpropyl]-3- 
azatricyclo[7.3 . 1.05, 1 3]trideca- 1 ( 1 2),5 ,7,9( 1 3), 1 0-pentaene-2,4-dione. 
Hexamethonium (17): trimethyl-[6-(trimethylazaniumyl)hexyl]azanium. 

2 6 

Staurosporine (18): 3-methoxy-2-methyl-4-(methylamino)-29-oxa-l,7,17-triazaoctacyclo[12.12.1 ' . 
0 7 ' 28 .0 8 ' 13 .0 15,19 .0 20 ' 27 .0 21 ' 26 ]nonacosa-8,10,12,14,19,21,23,25,27-nonaen-16-one. 

KT5720 (19): 9,12-Epoxy-lH-diindolo[l,2,3-fg:3',2',r-kl]pyrrolo[3,4-i][l,6]benzodiazocine-10-carb- 
oxylic acid, 2,3,9,10,1 1,1 2-hexahydro-10-hydroxy-9-methyl-l-oxo-, hexyl ester, (9R,10R,12S)-rel. 
KT5823 (20): 9-methoxy-9-methoxycarbonyl-8-methyl-2,3,9,10-tetrahydro-8,l l-epoxy-lH,8H,l 1H- 
2,7b- 1 1 a-triazadibenzo(a,g)cycloocta(cde)-trinden- 1 -one. 

WIN 51708 (21): 17-P-hydroxy-17-a-ethynyl-5-a-androstano[3,2-b]pyrimido[l,2-a]benzimidazole. 
WIN 62577 (22): 17-P-hydroxy- 17-a-ethynyl-8(4)-androstano[3,2-b]pyrimido[l,2-a]benzimidazole. 
PG987 (23): 7-p-hydroxy-17-a-8(4)-androstano[3,2-b]pyrido[2,3-b]indole. 

Dimethyl- W84 (24): 2-[2,4-diphenyl-3-[2-(trimethylazaniumyl)ethoxycarbonyl]cyclobutanecarbonyl] 
oxyethyl-trimethylazanium. 

Truxilic acid dicholine ester (25): 2-[2,4-diphenyl-3-[2-(trimethylazaniumyl)ethoxycarbonyl]cyclo- 
butanecarbonyljoxyethyl-trimethylazanium. 

Thiochrome (26): 2-(2,7-dimethyl-5H-pyrimido[4,5-d][l,3]thiazolo[3,2-a]pyrimidin-8-yl)ethanol. 
Benzylquinoline carboxilic acid (27): l-(4-methoxy)-4-oxo-l,4-dihydroquioline-3-carboxylic acid. 
VU0090157 (28): cyclopentyl-l,6dimethyl-4-(6nitrobenyo[d][l,3]dioxol-5-yl)-2-oxo-l,2,3,4-tetrahyd- 
ropyrimidine-5-carboxylate. 

VU0029767 (29): (E)-2-(4-ethoxyphenylamino)-N'-((2-hydroxynaphthalen-l-yl)methylene) aceto- 
hydrazide. 

VU0010010 (30): 3-amino-N-(4-chlorobenzyl)-4,6-dimethylthieno[2,3-b]pyridine-2-carboxamide. 
VU0152099 (31): 3-amino-N-(l,3-benzodioxol-5-ylmethyl)-5,6-dimethyl-2,3-dihydrothieno[2,3-b] 
pyridine-2-carboxamide. 

VU0152100 (32): 3-amino-N-(4-methoxybenzyl)-5,6-dimethyl-2,3-dihydrothieno[2,3-b]pyridine-2- 
carboxamide. 

LY2033298 (33): 3-amino-5-chloro-6-methoxy-4-methyl-thieno[2,3-b]pyridine-2-carboxylic acid 
eye lopropy lamide . 

N-desmethylclozapine (34): 3-chloro-6-piperazin-l-yl-5H-benzo[c][l,5]benzodiazepine. 

AC-42 (35) : 4-n-Butyl- 1 -[4-(2-methylphenyl)-4-oxo- 1 -butyl]-piperidine. 

AC-260584 (36) : (4-[3 -(4-butylpiperidin- 1 -yl)-propyl]-7-fluoro-4H-benzo [ 1 ,4] oxazin-3 -one) . 



Pharmaceuticals 2010, 3 



2854 



References 

1. Dale, H.H. The action of certain esters and ethers of choline and their relation to muscarine. 
J. Pharmacol. 1914, 6, 147-190. 

2. Loewi, O. Uber humorale Ubertragbarkeit der Herznervenwirkung. I. Pfliigers Archiv. 1921, 189, 
239-242. 

3. Bonner, T.I.; Buckley, N.J.; Young, A.C.; Brann, M.R. Identification of a family of muscarinic 
acetylcholine receptor genes. Science 1987, 237, 527-532. 

4. Caulfield, M.P. Muscarinic receptors—characterization, coupling and function. Pharmacol. Ther. 
1993, 55,319-379. 

5. Levey, A.I. Immunological localization of ml-m5 muscarinic acetylcholine receptors in 
peripheral tissues and brain. Life Sci. 1993, 52, 441-448. 

6. Felder, C.C.; Porter, A.C.; Skillman, T.L.; Zhang, L.; Bymaster, F.P.; Nathanson, N.M.; 
Hamilton, S.E.; Gomeza, J.; Wess, J.; McKinzie, D.L. Elucidating the role of muscarinic receptors 
in psychosis. Life Sci. 2001, 68, 2605-2613. 

7. Langmead, C.J.; Watson, J.; Reavill, C. Muscarinic acetylcholine receptors as CNS drug targets. 
Pharmacol. Ther. 2008, 117, 232-243. 

8. Brito, G.N.; Davis, B.J.; Stopp, L.C.; Stanton, M.E. Memory and the septo-hippocampal 
cholinergic system in the rat. Psychopharmacology (Bed) 1983, 81, 315-320. 

9. Meek, W.H.; Church, R.M.; Wenk, G.L.; Olton, D.S. Nucleus basalis magnocellularis and medial 
septal area lesions differentially impair temporal memory. J. Neurosci. 1987, 7, 3505-351 1. 

10. Christie, J.E.; Shering, A.; Ferguson, J.; Glen, A.I. Physostigmine and arecoline, effects of 
intravenous infusions in Alzheimer presenile dementia. Br. J. Psychiatry. 1981, 138, 46-50. 

11. Bymaster, F.P.; McKinzie, D.L.; Felder, C.C.; Wess, J. Use of M1-M5 muscarinic receptor 
knockout mice as novel tools to delineate the physiological roles of the muscarinic cholinergic 
system. Neurochem. Res. 2003, 28, 437-442. 

12. Wess, J.; Eglen, R.M.; Gautam, D. Muscarinic acetylcholine receptors, mutant mice provide new 
insights for drug development. Nat. Rev. Drug Discov. 2007, 6, 721-733. 

13. Caccamo, A.; Oddo, S.; Billings, L.M.; Green, K.N.; Martinez-Coria, H.; Fisher, A.; LaFerla, 
F.M. Ml receptors play a central role in modulating AD-like pathology in transgenic mice. 
Neuron 2006, 49, 671-682. 

14. Jones, C.K.; Brady, A.E.; Davis, A.A.; Xiang, Z.; Bubser, M.; Tantawy, M.N.; Kane, A.S.; 
Bridges, T.M.; Kennedy, J.P.; Bradley, S.R.; Peterson, T.E.; Ansari, M.S.; Baldwin, R.M.; 
Kessler, R.M.; Deutch, A.Y.; Lah, J.J.; Levey, A.I.; Lindsley, C.W.; Conn, P.J. Novel selective 
allosteric activator of the Ml muscarinic acetylcholine receptor regulates amyloid processing and 
produces antipsychotic-like activity in rats. J. Neurosci. 2008, 28, 10422-10433. 

15. Perry E.K.; Kilford L.; Lees A.J.; Burn D.J.; Perry R.H. Increased Alzheimer pathology in 
Parkinson's disease related to antimuscarinic drugs. Ann. Neurol. 2003, 54, 235-238. 

16. Machova, E.; Jakubik, J.; Michal, P.; Oksman, M.; Iivonen, FL; Tanila, FL; Dolezal, V. 
Impairment of muscarinic transmission in transgenic APPswe/PSldE9 mice. Neurobiol. Aging 
2008, 29, 368-378. 



Pharmaceuticals 2010, 3 



2855 



17. Machova, E.; Rudajev, V.; Smyckova, H.; Koivisto, H.; Tanila, H.; Dolezal, V. Functional 
cholinergic damage develops with amyloid accumulation in young adult APPswe/PSldE9 
transgenic mice. Neurobiol. Dis. 2010, 38, 27-35. 

18. Biel, J.H.; Nuhfer, P.A.; Hoya, W.K.; Leiser, H.A.; Abood, L.G. Cholinergic blockade as an 
approach to the development of new psychotropic agents. Ann. N. Y. Acad. Sci. 1962, 96, 251-262. 

19. Mego, D.M.; Omori, J.M.; Hanley, J.F. Transdermal scopolamine as a cause of transient 
psychosis in two elderly patients. South. Med. J. 1988, 81, 394-395. 

20. Dean, B.; Crook, J.M.; Opeskin, K.; Hill, C; Keks, N.; Copolov, D.L. The density of muscarinic 
Ml receptors is decreased in the caudate -putamen of subjects with schizophrenia. Mol. Psychiatry 
1996, 1, 54-58. 

21. Dean, B.; Crook, J.M.; Pavey, G.; Opeskin, K.; Copolov, D.L. Muscarinicl and 2 receptor mRNA 
in the human caudate -putamen, no change in ml mRNA in schizophrenia. Mol. Psychiatry 2000, 
5, 203-207. 

22. Crook, J.M.; Dean, B.; Pavey, G.; Copolov, D. The binding of [3H]AF-DX 384 is reduced in the 
caudate-putamen of subjects with schizophrenia. Life Sci. 1999, 64, 1761-1771. 

23. Crook, J.M.; Tomaskovic-Crook, E.; Copolov, D.L.; Dean, B. Decreased muscarinic receptor 
binding in subjects with schizophrenia, a study of the human hippocampal formation. Biol. 
Psychiatry 2000, 48, 381-388. 

24. Crook, J.M.; Tomaskovic-Crook, E.; Copolov, D.L.; Dean, B. Low muscarinic receptor binding in 
prefrontal cortex from subjects with schizophrenia, a study of Brodmann's areas 8, 9, 10, and 46 
and the effects of neuroleptic drug treatment. Am. J. Psychiatry 2001, 158, 918-925. 

25. Raedler, T.J.; Bymaster, F.P.; Tandon, R.; Copolov, D.; Dean, B. Towards a muscarinic 
hypothesis of schizophrenia. Mol. Psychiatry 2007, 12, 232-246. 

26. Tzavara, E.T.; Bymaster, F.P.; Davis, R.J.; Wade, M.R.; Perry, K.W.; Wess, J.; McKinzie, D.L.; 
Felder, C; Nomikos, G.G. M4 muscarinic receptors regulate the dynamics of cholinergic and 
dopaminergic neurotransmission, relevance to the pathophysiology and treatment of related CNS 
pathologies. FASEB J. 2004, 18, 1410-1412. 

27. Kenakin, T. Allosteric agonist modulators. J. Recept. Signal. Transduct. Res. 2007, 27, 247-259. 

28. Clark, A.L.; Mitchelson, F. The inhibitory effect of gallamine on muscarinic receptors. Br. J. 
Pharmacol. 1976, 58, 323-331. 

29. Stockton J.M.; Birdsall N.J.; Burgen A.S.; Hulme E.C. Modification of the binding properties of 
muscarinic receptors by gallamine. Mol. Pharmacol. 1983, 23, 551-557. 

30. Nedoma, J.; Dorofeeva, N.A.; Tucek, S.; Shelkovnikov, S.A.; Danilov, A.F. Interaction of the 
neuromuscular blocking drugs alcuronium, decamethonium, gallamine, pancuronium, 
ritebronium, tercuronium and d-tubocurarine with muscarinic acetylcholine receptors in the heart 
and ileum. Naunyn Schmiedebergs Arch. Pharmacol. 1985, 329, 176-181. 

31. Nedoma, J.; Tucek, S.; Danilov, A.F.; Shelkovnikov, SA. Stabilization of antagonist binding to 
cardiac muscarinic acetylcholine receptors by gallamine and other neuromuscular blocking drugs. 
J. Pharmacol. Exp. Ther. 1986, 236, 219-223. 

32. Waelbroeck, M.; Robberecht, P.; De Neef, P.; Christophe, J. Effects of verapamil on the binding 
properties of rat heart muscarinic receptors, evidence for an allosteric site. Biochem. Biophys. Res. 
Commun. 1984, 121, 340-345. 



Pharmaceuticals 2010, 3 



2856 



33. Lai, W.S.; Ramkumar, V.; el-Fakahany, E.E. Possible allosteric interaction of 4-aminopyridine 
with rat brain muscarinic acetylcholine receptors. J. Neurochem. 1985, 44, 1936-1942. 

34. Kloog, Y.; Sokolovsky, M. Allosteric interactions between muscarinic agonist binding sites and 
effector sites demonstrated by the use of bisquaternary pyridinium oximes. Life Sci. 1985, 36, 
2127-2136. 

35. Flynn, D.D.; Mash, D.C. Multiple in vitro interactions with and differential in vivo regulation of 
muscarinic receptor subtypes by tetrahydroaminoacridine. J. Pharmacol. Exp. Ther. 1989, 250, 
573-581. 

36. Jooste, E.; Klafter, F.; Hirshman, C.A.; Emala, C.W. A mechanism for rapacuronium-induced 
bronchospasm, M2 muscarinic receptor antagonism. Anesthesiology 2003, 98, 906-91 1. 

37. Hu, J.; el-Fakahany, E.E. Allosteric interaction of dynorphin and myelin basic protein with 
muscarinic receptors. Pharmacology 1993, 47, 351-359. 

38. Dalton, D.W.; Tyers, M.B. A comparison of the muscarinic antagonist actions of pancuronium 
and alcuronium. J. Auton. Pharmacol. 1982, 2, 261-266. 

39. Jakubik, J.; Bacakova, L.; El-Fakahany, E.E.; Tucek, S. Positive cooperativity of acetylcholine 
and other agonists with allosteric ligands on muscarinic acetylcholine receptors. Mol. Pharmacol. 
1997, 52, 172-179. 

40. Lazareno, S.; Popham, A.; Birdsall, N.J. Allosteric interactions of staurosporine and other 
indolocarbazoles with Af-[methyl-(3)H]scopolamine and acetylcholine at muscarinic receptor 
subtypes, identification of a second allosteric site. Mol. Pharmacol. 2000, 58, 194-207. 

41. Lazareno, S.; Dolezal, V.; Popham, A.; Birdsall, N.J.M. Thiochrome enhances acetylcholine 
affinity at muscarinic M4 receptors, receptor subtype selectivity via cooperativity rather than 
affinity. Mol. Pharmacol. 2004, 65, 257-266. 

42. Zlotos, D.P.; Buller, S.; Stiefl, N.; Baumann, K.; Mohr, K. Probing the pharmacophore for 
allosteric ligands of muscarinic M2 receptors, SAR and QSAR studies in a series of bisquaternary 
salts of caracurine V and related ring systems. J. Med. Chem. 2004, 47, 3561-3571. 

43. Proska, J.; Tucek, S. Mechanisms of steric and cooperative actions of alcuronium on cardiac 
muscarinic acetylcholine receptors. Mol. Pharmacol. 1994, 45, 109-111. 

44. Ellis, J.; Huyler, J.; Brann, M.R. Allosteric regulation of cloned ml-m5 muscarinic receptor 
subtypes. Biochem. Pharmacol. 1991, 42, 1927-1932. 

45. Jakubik, J.; Bacakova, L.; el-Fakahany, E.E.; Tucek, S. Subtype selectivity of the positive 
allosteric action of alcuronium at cloned M1-M5 muscarinic acetylcholine receptors. 
J. Pharmacol. Exp. Ther. 1995, 274, 1077-1083. 

46. Leppik, R.A.; Miller, R.C.; Eck, M.; Paquet, J.L. Role of acidic amino acids in the allosteric 
modulation by gallamine of antagonist binding at the m2 muscarinic acetylcholine receptor. Mol. 
Pharmacol. 1994, 45, 983-990. 

47. Krejci, A.; Tucek, S. Changes of cooperativity between iV-methylscopolamine and allosteric 
modulators alcuronium and gallamine induced by mutations of external loops of muscarinic M(3) 
receptors. Mol. Pharmacol. 2001, 60, 761-767. 



Pharmaceuticals 2010, 3 



2857 



48. Huang, X.; Prilla, S.; Mohr, K.; Ellis, J. Critical amino acid residues of the common allosteric site 
on the M2 muscarinic acetylcholine receptor, more similarities than differences between the 
structurally divergent agents gallamine and bis(ammonio)alkane-type hexamethylene-bis- 
[dimethyl-(3-phtha)]. Mol. Pharmacol. 2005, 68, 769-778. 

49. Matsui, H.; Lazareno, S.; Birdsall, N.J. Probing of the location of the allosteric site on ml 
muscarinic receptors by site-directed mutagenesis. Mol. Pharmacol. 1995, 47, 88-98. 

50. Jakubik, J.; Krejci, A.; Dolezal, V. Asparagine, valine, and threonine in the third extracellular 
loop of muscarinic receptor have essential roles in the positive cooperativity of strychnine-like 
allosteric modulators. J. Pharmacol. Exp. Ther. 2005, 313, 688-696. 

51. Voigtlander, U.; Johren, K.; Mohr, M.; Raasch, A.; Trankle, C; Buller, S.; Ellis, J.; Holtje, H.; 
Mohr, K. Allosteric site on muscarinic acetylcholine receptors, identification of two amino acids 
in the muscarinic M2 receptor that account entirely for the M2/M5 subtype selectivities of some 
structurally diverse allosteric ligands in N-methylscopolamine-occupie. Mol. Pharmacol. 2003, 
64,21-31. 

52. Prilla, S.; Schrobang, J.; Ellis, J.; Holtje, H.; Mohr, K. Allosteric interactions with muscarinic 
acetylcholine receptors, complex role of the conserved tryptophan M2422Trp in a critical cluster 
of amino acids for baseline affinity, subtype selectivity, and cooperativity. Mol. Pharmacol. 2006, 
70, 181-193. 

53. Trankle, C; Dittmann, A.; Schulz, U.; Weyand, O.; Buller, S.; Johren, K.; Heller, E.; Birdsall, 
N.J.M.; Holzgrabe, U.; Ellis, J.; Holtje, H.D.; Mohr, K. Atypical muscarinic allosteric modulation, 
cooperativity between modulators and their atypical binding topology in muscarinic M2 and 
M2/M5 chimeric receptors. Mol. Pharmacol. 2005, 68, 1597-1610. 

54. Lazareno, S.; Popham, A.; Birdsall, N.J.M. Analogs of WIN 62,577 define a second allosteric site 
on muscarinic receptors. Mol. Pharmacol. 2002, 62, 1492-1505. 

55. Lanzafame, A.A.; Sexton, P.M.; Christopoulos, A. Interaction studies of multiple binding sites on 
m4 muscarinic acetylcholine receptors. Mol. Pharmacol. 2006, 70, 736-746. 

56. Trankle, C; Mies-Klomfass, E.; Cid, M.H.; Holzgrabe, U.; Mohr, K. Identification of a 
[3H]Ligand for the common allosteric site of muscarinic acetylcholine M2 receptors. Mol. 
Pharmacol. 1998, 54, 139-145. 

57. Lysikova, M.; Fuksova, K.; Elbert, T.; Jakubik, J.; Tucek, S. Subtype-selective inhibition of 
[methyl-3H]-N-methylscopolamine binding to muscarinic receptors by alpha-truxillic acid esters. 
Br. J. Pharmacol. 1999, 127, 1240-1246. 

58. Mohr, K.; Trankle, C; Holzgrabe, U. Structure/activity relationships of M2 muscarinic allosteric 
modulators. Receptors Channels 2003, 9, 229-240. 

59. Birdsall N.J.M. ; Lazareno S. Allosterism at muscarinic receptors, ligands and mechanisms. Mini. 
Rev. Med. Chem. 2005, 5, 523-543. 

60. Lazareno, S.; Gharagozloo, P.; Kuonen, D.; Popham, A.; Birdsall, N.J. Subtype-selective positive 
cooperative interactions between brucine analogues and acetylcholine at muscarinic receptors, 
radioligand binding studies. Mol. Pharmacol. 1998, 53, 573-589. 

61. Lysikova M.; Havlas Z.; Tucek S. Interactions between allosteric modulators and 4-DAMP and 
other antagonists at muscarinic receptors, potential significance of the distance between the N and 
carboxyl C atoms in the molecules of antagonists. Neurochem Res 2001, 26, 383-394. 



Pharmaceuticals 2010, 3 



2858 



62. Johren, K.; Holtje, H. A model of the human M2 muscarinic acetylcholine receptor. J. Comput. 
Aided Mol. Des. 2002, 16, 795-801. 

63. Jakubik, J.; Tucek, S. Positive allosteric interactions on cardiac muscarinic receptors, effects of 
chemical modifications of disulphide and carboxyl groups. Eur. J. Pharmacol. 1995, 289, 311-319. 

64. Huang, X.; Ellis, J. Mutational disruption of a conserved disulfide bond in muscarinic 
acetylcholine receptors attenuates positive homotropic cooperativity between multiple allosteric 
sites and has subtype-dependent effects on the affinities of muscarinic allosteric ligands. 
Mol. Pharmacol. 2007, 71, 759-768. 

65. Diaz-Arrastia, R.; Ashizawa, T.; Appel, S.H. Endogenous inhibitor of ligand binding to the 
muscarinic acetylcholine receptor. J. Neurochem. 1985, 44, 622-628. 

66. Maslinski, W.; Ryzewski, J.; Bartfai, T. Rat thymocytes release a factor which inhibits muscarinic 
ligand binding. J. Neuroimmunol. 1988, 17, 275-285. 

67. Fryer, A.D.; el-Fakahany, E.E. An endogenous factor induces heterogeneity of binding sites of 
selective muscarinic receptor antagonists in rat heart. Membr. Biochem. 1989, 8, 127-132. 

68. Frey, W.H.2.; Emory, C.R; Wiebenga, M.E.; Saxena, S.; Cardelli, D.; Ala, T.A.; Tollefson, G.D. 
Inhibitor of antagonist binding to the muscarinic receptor is elevated in Alzheimer's brain. 
Brain Res. 1994, 655, 153-160. 

69. Fang Y.I.; Suzuki T.; Momose K. Partial purification of an endogenous inhibitor of muscarinic 
ligand binding. Biochem. Mol. Biol. Int. 1996, 38, 501-507. 

70. Jacoby, D.B.; Gleich, G.J.; Fryer, A.D. Human eosinophil major basic protein is an endogenous 
allosteric antagonist at the inhibitory muscarinic M2 receptor. J. Clin. Invest. 1993, 91, 1314-1318. 

71. Kjome, J.R.; Swenson, K.A.; Johnson, M.N.; Bordayo, E.Z.; Anderson, L.E.; Klevan, L.C.; 
Fraticelli, A.I.; Aldrich, S.L.; Fawcett, J.R.; Venters, H.D.J.; Ala, T.A.; Frey, W.H.2. Inhibition of 
antagonist and agonist binding to the human brain muscarinic receptor by arachidonic acid. 
J. Mol. Neurosci. 1998, 10, 209-217. 

72. Frey, W.H.2.; Najarian, M.M.; Kumar, K.S.; Emory, C.R.; Menning, P.M.; Frank, J.C.; Johnson, 
M.N.; Ala, TA. Endogenous Alzheimer's brain factor and oxidized glutathione inhibit antagonist 
binding to the muscarinic receptor. Brain Res. 1996, 714, 87-94. 

73. Fawcett, J.R.; Bordayo, E.Z.; Jackson, K.; Liu, H.; Peterson, J.; Svitak, A.; Frey, W.H.2. 
Inactivation of the human brain muscarinic acetylcholine receptor by oxidative damage catalyzed 
by a low molecular weight endogenous inhibitor from Alzheimer's brain is prevented by 
pyrophosphate analogs, bioflavonoids and other antioxidants. Brain Res. 2002, 950, 10-20. 

74. Ma, L.; Seager, M.A.; Wittmann, M.; Jacobson, M.; Bickel, D.; Burno, M.; Jones, K.; Graufelds, 
V.K.; Xu, G.; Pearson, M.; McCampbell, A.; Gaspar, R.; Shughrue, P.; Danziger, A.; Regan, C; 
Flick, R.; Pascarella, D.; Garson, S.; Doran, S.; Kreatsoulas, C; Veng, L.; Lindsley, C.W.; Shipe, 
W.; Kuduk, S.; Sur, C; Kinney, G.; Seabrook, G.R.; Ray, W.J. Selective activation of the Ml 
muscarinic acetylcholine receptor achieved by allosteric potentiation. Proc. Natl. Acad. Sci. USA 
2009, 106, 15950-15955. 



Pharmaceuticals 2010, 3 



2859 



75. Shirey, J.K.; Brady, A.E.; Jones, P. J.; Davis, A.A.; Bridges, T.M.; Kennedy, J.P.; Jadhav, S.B.; 
Menon, U.N.; Xiang, Z.; Watson, M.L.; Christian, E.P.; Doherty, J.J.; Quirk, M.C.; Snyder, D.H.; 
Lah, J.J.; Levey ,A.L; Nicolle, M.M.; Lindsley, C.W.; Conn, P.J. A selective allosteric potentiator 
of the Ml muscarinic acetylcholine receptor increases activity of medial prefrontal cortical 
neurons and restores impairments in reversal learning. J. Neurosci. 2009, 29, 14271-14286. 

76. Mario, J.E.; Niswender, CM.; Days ,E.L.; Bridges ,T.M.; Xiang, Y.; Rodriguez, A.L.; Shirey, 
J.K.; Brady, A.E.; Nalywajko, T.; Luo, Q.; Austin, C.A.; Williams, M.B.; Kim, K; Williams, R.; 
Orton, D.; Brown, H.A.; Lindsley, C.W.; Weaver, CD.; Conn, P.J. Discovery and 
characterization of novel allosteric potentiators of Ml muscarinic receptors reveals multiple 
modes of activity. Mol. Pharmacol. 2009, 75, 577-588. 

77. Bridges, T.M.; Mario, J.E.; Niswender, CM.; Jones, C.K.; Jadhav, S.B.; Gentry, P.R.; Plumley, 
H.C; Weaver, CD.; Conn, P.J.; Lindsley, CW. Discovery of the first highly M5-preferring 
muscarinic acetylcholine receptor ligand, an M5 positive allosteric modulator derived from a 
series of 5-trifluoromethoxy N-benzyl isatins. J. Med. Chem. 2009, 52, 3445-3448. 

78. Shirey, J.K; Xiang, Z.; Orton, D.; Brady, A.E.; Johnson, K.A.; Williams, R.; Ayala, J.E.; 
Rodriguez, A.L.; Wess, J.; Weaver, D.; Niswender, CM.; Conn, P.J. An allosteric potentiator of 
M4 mAChR modulates hippocampal synaptic transmission. Nat. Chem. Biol. 2008, 4, 42-50. 

79. Brady, A.E.; Jones, C.K.; Bridges, T.M.; Kennedy, J.P.; Thompson, A.D.; Heiman, J.U.; Breininger, 
M.L.; Gentry, P.R.; Yin, H.; Jadhav, S.B.; Shirey, J.K.; Conn, P.J.; Lindsley, CW. Centrally Active 
Allosteric Potentiators of the M4 Muscarinic Acetylcholine Receptor Reverse Amphetamine- 
Induced Hyperlocomotor Activity in Rats. J. Pharm. Expert. Ther. 2008, 327, 941-953. 

80. Chan, W.Y.; McKinzie, D.L.; Bose, S.; Mitchell, S.N.; Witkin, J.M.; Thompson, R.C.; 
Christopoulos, A.; Lazareno, S.; Birdsall, N.J.M.; Bymaster, F.P.; Felder, C.C. Allosteric 
modulation of the muscarinic M4 receptor as an approach to treating schizophrenia.. Proc. Natl. 
Acad. Set USA 2008, 105, 10978-10983. 

81. Nawaratne, V.; Leach, K; Suratman, N.; Loiacono, R.E.; Felder, C.C; Armbruster, B.N.; Roth, 
B.L.; Sexton, P.M.; Christopoulos, A. New insights into the function of M4 muscarinic 
acetylcholine receptors gained using a novel allosteric modulator and a DREADD (designer 
receptor exclusively activated by a designer drug). Mol. Pharmacol. 2008, 74, 1 119-1131. 

82. Nawaratne, V.; Leach, K; Suratman, N.; Loiacono, R.E.; Felder, C.C; Armbruster, B.N.; Roth, 
B.L.; Sexton, P.M.; Christopoulos, A. New insights into the function of M4 muscarinic 
acetylcholine receptors gained using a novel allosteric modulator and a DREADD (designer 
receptor exclusively activated by a designer drug). Mol. Pharmacol. 2008, 74, 1 119-1131. 

83. Jakubik, J.; Randakova, A.; El-Fakahany, E.E.; Dolezal, V. Divergence of allosteric effects of 
rapacuronium on binding and function of muscarinic receptors. BMC Pharmacol. 2009, 9, 15. 

84. Goudsouzian, N.G. Rapacuronium and bronchospasm.. Anesthesiology 2001, 94, 727-728. 

85. Jakubik, J.; Bacakova, L.; Lisa, V.; el-Fakahany, E.E.; Tucek, S. Activation of muscarinic 
acetylcholine receptors via their allosteric binding sites. Proc. Natl. Acad. Sci. USA 1996, 93, 
8705-8709. 



Pharmaceuticals 2010, 3 



2860 



86. Sur, C; Mallorga, P.J.; Wittmann, M.; Jacobson, M.A.; Pascarella, D.; Williams, J.B.; Brandish, 
P.E.; Pettibone, D.J.; Scolnick, E.M.; Conn, P.J. /V-desmethylclozapine, an allosteric agonist at 
muscarinic 1 receptor, potentiates N-methyl-D-aspartate receptor activity. Proc. Natl. Acad. Sci. 
USA 2003, 100, 13674-13679. 

87. Spalding, T.A.; Trotter, C; Skjaerbaek, N.; Messier, T.L.; Currier, E.A.; Burstein, E.S.; Li, D.; 
Hacksell, U.; Brann, M.R. Discovery of an ectopic activation site on the M(l) muscarinic 
receptor. Mol. Pharmacol. 2002, 61, 1297-1302. 

88. Bradley, S.R.; Lameh, J.; Ohrmund, L.; Son, T.; Bajpai ,A.; Nguyen, D.; Friberg, M.; Burstein, 
E.S.; Spalding, T.A.; Ott ,T.R.; Schiffer, H.H.; Tabatabaei, A.; McFarland, K.; Davis, R.E.; 
Bonhaus, D.W. AC-260584, an orally bioavailable M(l) muscarinic receptor allosteric agonist, 
improves cognitive performance in an animal model. Neuropharmacology 2009, 58, 365-373. 

89. Spalding, T.A.; Ma, J.; Ott, T.R.; Friberg, M.; Bajpai, A.; Bradley, S.R.; Davis, RE.; Brann, 
M.R.; Burstein, E.S. Structural requirements of transmembrane domain 3 for activation by the Ml 
muscarinic receptor agonists AC-42, AC-260584, clozapine, and N-desmethylclozapine, evidence 
for three distinct modes of receptor activation. Mol. Pharmacol. 2006, 70, 1974-1983. 

90. Lebon, G.; Langmead, C.J.; Tehan, B.G.; Hulme, E.C. Mutagenic mapping suggests a novel 
binding mode for selective agonists of Ml muscarinic acetylcholine receptors. Mol. Pharmacol. 
2009, 75,331-341. 

91. Thomas, R.L.; Langmead, C.J.; Wood, M.D.; Challiss, R.A.J. Contrasting effects of allosteric and 
orthosteric agonists on ml muscarinic acetylcholine receptor internalization and down-regulation. 
J. Pharmacol. Exp. Ther. 2009, 331, 1086-1095. 

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



